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TEE THEORETICAL LATERAL MOTIONS OF. AN AUTOMATICALLY 
CONTROLLED AIRPLANE SUBJECTED TO A YAtflNG-MOMEKT 

DISTURBANCE 
By Frederick H. I ml ay 



SUMMARY 



The lateral motion resulting from a disturbance oS 
the type produced by asymmetric loss of thrust has been 
determined for a hypothetical average airplane equipped 
with an automatic pilot. . Plots 'of the resultant motion 
and of the various modes that constitute the motion are 
presented for controls fixed and for various amounts of 
automatic control. The automatic control is assumed to 
be of a type that produces aileron deflections propor- 
tional to the angle of bank and rudder deflections pro- 
portional to the angle of azimuth. The use of an' auto- 
matic control may introduce either of two nodes. The 
first mode is primarily a rolling oscillation; the second 
mode is a poorly damped long-period oscillation in azi- 
muth and bank. The motion following any change in trim 
causes the airplane to reach a state of equilibrium on a 
different flight beading from that existing before the 
disturbance and the airplane assumes a new flight atti- 
tude. 

INTRODUCTION 



An investigation of the influence of automatic con- 
trol on the lateral stability of an airplane has recently 
been conducted by the NACA (reference ll . The results in- 
dicated that, with control, new modes of motion may bo 
substituted for the familiar modes that occur with controls 
fixed. Thus the nonoscillatory spiral : mode, which ijs al- 
ways evident as a slow recovery or a divergence when the 
controls are neutralized during- a banked . turn, may be re- 
placed by either of two types of oscillation. Those oscil- 
lations result from the coupling of the." spiral mode either 
with the mode involving damping in rolling or with tho'az- 
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inmth mode, which., far an airplane with fixed controls, is 
the component of motion associated with the zoro root of 
the stability equation. The .nature of those now typos of 
oscillation' has "booh studied in thb. present paper "07 cal- 
culating tho actual notion of the controlled airplano fol- 
lowing a di sturbance . 

"ETEOD 



Sovoral typos of di sturcrmce from equilibrium condi- 
tions exist for which mathematical solutions of tho motion 
of an airplano can readily ho doiro-rmined . The typo of 
disturbance chosen for this analysis is that resulting 
from the sudden application of a yawing moment, which tends 
to turn the airplane from its course. The suddonly appliod 
■"awing moment nay ho considered to represent tho effect of 
an ahrupt loss of thrust on. one side of a multicngine air- 
plane. The notion .following . such a type of disturbance is 
of particular interest when automatic control is employed 
because usually tho primary function of automatic control 
is to cause the airplane to fly in a fixed direction. 

Computations of tho notion following the sudden ap- 
plication of a unit yawing-nonent disturbance were made 
for the hypotheti-cal average airplane treated in rpferonco 
1. Pixod controls and throe arrangement s of automatic 
control wero considorod. j?or convenience in tho calcula- 
tions, tho moment unit chosen was such that the appliod 
•rawing . monent was several tir.es p.s largo as that likely to 
occur because of asymmetric loss of thrust. Tho size of 
the applied moment, however, should not affect tho usoful- 
noss of the results because, for similar disturbances, tho 
magni tudos. rof the . ro sul ting motions are in tho sane ratios 
as the magnitudes of tho disturbances. Tho computations 
were made for conditions representing the average airplane 
at cruising speed because automatic control is mainly used 
under such conditions. 

The t.vpe of automatic control assumed for tho airplane 
produced aileron . deflections proportional to the angle, of 
bank and rudder deflect-ions proportional iro the angle of 
azimuth. The amount of aileron deflection applied for a 
unit angle of bank is expressed by the aileron-control 
gearing; similarly, the factor of proportionality for the, 
rudder deflection is represented by the ruddor-cont rol 
gearing. For such a type of control, the motion. of the 
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airplane will fall, in one of three classes, the class "being 
determined by the differences in the components, or modes, 
entering into the motion (reference l) .* The class of no- 
tion varies with changes in the magnitude of the control 
gearings. Yo.lu.es of the control gearings given later in 
table I aro chosen to givo the'thz*eo typical classes of 
motion. Only negative values of the control gearing wore 
used because the control must oppose the deviation to which 
it is sensitive if the motion is to "be stable. Because 
previous study indicated that lag does not introduce any 
now modes of motion, instantaneous Control application was 
assumed. Lag decs have a considerable influence on the 
character of certain of the modes, however, particularly 
with respect to the damping. Those effects are mentioned 
later in the paper when the various modes are discussed. 

The influence of the characteristics of the airplane 
and the control system on' the motion are expressed mathe- 
matically by the nondimonsi onal equations 



-eC: V - A) - 0 (^) -*(- x + y 8 ' r |^) - 



Except for the tcrm'..l(T), which represents- the unit : r awing- 
momont disturbance, the equations of motion aro the same as 
those treated in reference 1. Definitions of the symbols 
used are given in the appendix. Solutions c-f the equations 
to obtain the motion of the airplane were, made by the moth- 
ods of oporational calculus (reference .2). 

Taluos of A, known as stability roots, are" d'btained 
as a step in solving equation (l) and are' indicative of 
the modes of motion. Thus , the solution of equation (l) 
for any of the variables |3, 0, or \j/ ±:i of the form 

■P. 0, or * = Cl e Ai;r + c 2 e* 2 * + ... c 5 c* 5 " + S(T) (2) 



MD 
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where; ^ 1> A a ,-'... : A 5 are the stability roots and S(T) 

is the steady-state' nation vhen the disturbed systen has 
reached a new state of equilibrium. Complex' value s of a 
occur in conjugate pairs and, for every such pair, th-e 
corresponding exponential terns in equation (2) can ho re- 
placed by an oscillatory component .of the notion. 



RESULTS 



In table I are given values of the stability roots 
that result when the control gearings are varied, as previ- 
ously described, to bring about changes in the nodes of no- 
tion. The roots obtained are based on the stability and 
the control derivatives and on the value of p. for the av- 
orago airplane at C L = 0.35. (See the appendix.) Data 
for controls fixed arc given in case 1 for purposes of con- 
par i son. 



TABLE I. - ROOT COUPLINGS OBTAINED WITH VARIOUS CONTROL GEARINGS 



Case 


■ ay 




M.3 


^3 


^3.4 


A 4 


^4. 5 


*6 


1 


0 


0" 


-0.409±l,99i 


-4.49 




-0.00677 




0 


2 


.25 


1.00. 


-.433*3.401 


-4.01 






-0.22 (£0.1871 




S 


.50 


1.00 


- . 462±3 . 411 


-3.35 




-.912 




-.123 


4 


.75 


1.00 


-.499±S.41i 




-2.12±0 . 699i 






-.0846 



A comparison of case 1 and case 2 in table I shows 
that the roots a 4 r>,nd X s couple to- f orn a new mode, tho 
^4,5 oscillation, due to tho introduction of tho rudder 
cpntrol. Tho increased magnitude of tho aileron gearing in 
case 3 causes the coupl-ing to revert to the arrangement 
for controls fixed. . Further increaoo in aiTero"n control 
results in tho coupling of the X 3 and roots as the 

A 3 ^ 4 oscillation for case 4. 

Tho motions obtained as solutions of equation (1) for 
the various cases in table I are as follows: 



NAOA Tochnijsal:-Soto ■So. 1 ' $09 5 
Case 1 

1.262 + 0.247 G "°* 4 ° 9a? cos 1.99 (T-0 ; 091 )- 0.0003e~ 4 * 49 * 
- 1.505o~°*° 0677T 

44.245 + 0.147q"-°- 4095J co a '1 . 99 ( 2+0;. 527-) + 0 . 004o -4 • 49 C 
-44.321e-°- 00677!C 

-1115.39 + 7.566T - 0 . 233e~° * 409 * cos 1.99(1-0.112) 
+0.0001e~ 4 '' 49a? + 1115.62e-°' 006775? 

Oaso 2 . 

0.035 + 0.172e-°' 433T cos 2 .40 (T-0 . 072 ) - 0 . 0006e" 4 ' 0 1 1 
-0.314o~°' S2o:E cos 0.187(1-4.829 ) 

-0.095 + 0.094o~°' 433!? cos 2.40 (T+0 . 503 ) + 0 . 007o~ 4 ' 0 1 T 
+1.433c * cos 0.187(1-8.190) 

0.618 - 0.164g"°' 4335? cos 2 .40 (T-0 .100 ) 4- 0.0002e~ 4 * 0l3? 
-0.623g""°- 32oT cos 0.187(T-3.972) 
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C ase 3 

B = 0.061 + 0.172o -0 ' 46a,r cog 2.41(1-0.089) - 0.002Q- 3 - 355 

+ 0,058o-°- 9iaT - 0.285o-°- ia3!E 
0 = -0..033 + 0.104e~"°' 462T cos 2 .41 (Q?+0 . 553) -+-0 .023g~ 3 • 3 sT 

-0.426o~°- 912T + Q.4S2o-°* la3T 
>|f = 0.658 ~ 0.162o""°* 4S2{I? cos 2 .41 (T-0 . 115 ) + 0 . 0C09 o~ 3 *_ 3 sT - 
+ 0.031o-°' 912T ' -0.544o-°' 1S3:!? 

Or, so 4 

P = 0.082 + 0.176o~ 0,4 " T cos 2,41(5.-0.110) 

+0.041o~ a,iaT cos 0.599(1-0.964) - 0 .284o" 0 ' 08461 ■ 

-f, = -0.074 + 0.116g~°' 4 " 2 cos 2.41(1+0.616) 

-0. 305 e~" 2, 13 S cos 0.699(1-1.122) + 0 . 280e~ 0 ' 0846T 

\|/ = 0.707 - 0.165c" 0 ' 499T cos__2. 41(1-0.140) 

-0. 016 o" 2 * 122 cos Q. 699 (3?— 1 ,488 ) - 0.543o"°* 08462 
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DISCUSSION 



The given solutions of the equations of notion ape 
represented graphically in figures 1 to 4. lino, expressed 
in nondinensional units in the figures, can be converted 
to seconds if multiplied "by. T (= 0.815). 

In figure 1 the .notions of the average airplane with 
controls fixed are shown. When a yawing moment is applied - 
to an airplane under those conditions, the airplane ulti- 
mately acquires a steady turning notion of such a value that 
the nonont due to the damping in yawing counteracts the ap- 
plied honent . The turning is accompanied "by inward side- 
slip so that the rolling nonont due to yawing is balanced 
"by tho rolling moment due to sideslipping. The rawing no- 
nont resulting fron the sideslip is overcome by tho damp- 
ing in yawing. The stoady-3tato angle of hank and angle 
of sideslip are very largo because of the nature of. tho 
disturbance assumed and because of the absence of correc- 
tive control movements. The anglo of azimuth increases 
at a constant rate in the steady state as a result of tho 
steady . turning notion. For these reasons steady-state 
values are not shown in figure 1 although the notion is 
stable. 

The characteristics assigned to the airplane in case 
1 were such that the airplane was spirally . stable . ttany 
airplanes, however, are spirally unstable. The degree of 
spiral stability or instability is usually slight for 
crui sing . speeds ; hence, the initial notion of a spirally 
unstable airplane would bo much tho same as that shown in . 
figuro 1. The unstable airplane, howover, would not ap- 
proach a now steady-state equilibrium, as already described, 
but theoreti cally would continue indefinitely to acceler- 
ate in yawing, rolling, and sideslipping notions at a rate 
depending on tho amount of instability. 

Figures 2, 3, and 4 show tho results of controlling 
the notion, following an asymmetric loss of thrust, by 
using various amounts of aileron control and an average 
value of rudder control. (Soe tabic I.) Tho applied yaw- 
ing nonent is counteracted by rudder dofloction instead of 
by danping in yawing and the motion caused by tho disturbs 
ance is much roduced. The airplo,ne with autonatic control 
approaches a now equilibrium condition of notion along a 
straight flight path, with its heading displaced from the 
desired heading by an angle . Tho magnitude of ^ 0 
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depends :.iainly or. the amount af_ control yawing noncnt that 
is applied per unit di splacor.ont in nHir.uth, being such 

36 „ 

that \> Q ]jc r. R is approximately equal. to_ the disturb- 

r c)\y . 

lag. yawing nonent. 

Che airplane flies along tho now course, at a snail 
angle of sideslip 6 Q and at . a snail anglo of "oank 0 6 . 
Values of B Q , 0 O , and ■ v|/ Q far the various control, con- 
ditions aro givon in- figuros 2, 3, and 4. As the magni- 
tude of the aileron gsaring is increased, the stoady-stato 
"bank 0 O becoaos snallcr. As a result , ..tho airplane ac- 
quires r.oro sideslip in ordor that tho side force caused 
by the rudder control will still "be balanced at tho" small- 
er anglo of bank. The incroascd sideslip, in turn, intro- 
duces a yawing nonent that aids tho disturbing nonent; 
thus, tho heading error \{/ 0 increases somewhat as the ai- 
leron control is increased. Because the steady-state bank 
does not decrease at tho saiao rate as the r.agnitudo of tho 
aileron gearing increases, the steady-state doflootions of 
both the aileron and the rudder controls aro larger for 
incroascd aileron control. 'Largo amounts of aileron con- 
trol evidently would bo undesirable bocanso of tho- in- 
creased drag that would be produced in controlling the 
airplane after a given asynnotric Iost of thrust. Any qtt^< 
tonpt to inprpvo the performance with one ongino doad by 
decreasing the aileron gearing, however, cay be a compro- 
mise because, of the likelihood of causing a poorly danped 
X 4>5 oscillation, which will bo discussed in another sec- 
tion of the paper. 

Because any change in trie involves the application 
of a constant— nonent to the airplane, it is apparent fron 
the preceding discussion that the airplane will maintain 
its origincl course and- attitude under automatic control 
only as long- as tho trim remains unaltered. likewise, the 
airplane nust be. trimmed bofx>r.e being connected to tho ' 
automatic • control if- its course and attitude are to corre- 
spond to these selected by means of the adjustments on the 
control. Corrections for initial departure fron trim aro 
usually made by slight adjustments of the automatic pilot 
a few minutes after it is engagod. 

In spito- of the widely differing modes of which- tho 
notions are composed (cf . figs. 6, 7, and 8 or tho roots 
in table I), tho notions . for the different cases arc quite 
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similar, probably aeoauso of tlio fixed value of ruddor- 
control gearing used. The progressive reduction in "bank- 
ing deviation as the ailoron control is increased is the 
only outstanding distinction of tho various notions. If a 
rollir-g-^nor.ent disturbance, which the ailerons play a 
large part in counteracting, wore assumed, the resulting 
notions would undoubtedly show rvuch larger changes in char- 
acter for tho different control conditions considered, al- 
though no now nodes would be involved for a change in the 
type of disturbance assuned. 

The various nodes that combine to give the notions 
plo'tted. in figures 1 to 4 are shown in figures 5 to 8, 
The discussion of the figures, for convenience, will be by 
nodes instead of on the basis of changes in the control 
conditions. 

For all values assumed for tho control gearings, the 
^1,2 node occurs as a short-period lateral oscillation. 
With no lag in control operation, the character of the. 
node is little affected by the amount of automatic control 
and is nuch the cane as the corresponding lateral oscilla- 
tion with controls fixed (reference 3). If control lag 
exists, the r.ode will become unstable as the _ nagni tudo of 
the rudder gearing is increased. (See reference 1.) 

The h s node, which is present except in case 4, is 

due to tho pronounced tendency of the airplane to resist 
any notion .relative to the air in a direction nornal to 
the wing surface. Tho node represents a very, snail conpo- 
nont of the notions in all of the cases in tho present 
study in which it occurs. The node never beconos unstable 
at nornal flight spoods, . . . 

One of the modes that does not occur with the controls 
fixed is the >* 3 ,4 node. (See fig. 8.) It is essential- 
ly a rolling oscillation haying a noderately long period 
( approxinat ely 7„3 sec) when the aileron gearing has the 
value assuned (-3S a /30 = 0.75). The rolling notion is 

acconpanied by a little sideslip toward the high wing but 
involves practically no change in heading. The lack of 
azimuth deviation accounts for the negligible effect of 
the 36 r /3\|/ gearing on the ' X 3 4 node, which is nentioned 

in reference 1. 

The origin and the behavior of the A 3 4 mode as a 
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result of changes in the nilema gearing, can "bo explained 
as follows. Motions in rolling can. usually "oe considered 
to be nearly independent of notions in the other degrcos 
of freedom' "because of the heavy damping in rolling. Thus, 
for rolling notions the airplane -with controls fixed, boj- 
havos like a simple torsional oscillatory system that pos- 
sesses a large '• atount o-f damping, and little restoring mo- 
ment; tho 7\ 3 node occurs as a rapid aperiodic subci-dence 
in rolling. The aileron gearing increases the restoring 
moment of the system relative to the damping and for suffi- 
ciently large values of the aileron gearing the rolling 
motion becomes oscillatory, which results in tho ^3.4 
node. 

Previous stud" of the influence of automatic control 
(reference l) indicated that the period of the rolling os- 
cillation rapidly bocor.os shorter as -dS a /d$_ is increased 
boyond the value assumed in thi 3 paper. Lag usually ex- 
ists in tho aileron control so the damping also decreases 
with- increased ~98 a /S0 and an unst-able oscillation re-" 

sonbling wing flutter finally rosults. With no lag, as 
nssumod in the present calculations , tho oscillation is 
heavily damped for all values of -58 a /30. Thus, for 
-35 a /^0 = 0,75, the motion is nogli^ibld after about one- 
fourth of an oscillation. 

The A 4 node is tho familiar aperiodic spiral mo- 
tion, which has been discussed at length in many provious 
papers on lateral stability. (See, for oxamplo, refcr- 
onco 3.) With controls fixed, tho modeis usually cither 
poorly dampod (fig. 5) or slightly unstable and involves 
a 3 low turning motion of the airplane. The. damping of the 
mode rapidly incroasos as -d6 a /30 is increased and tho 
mode becomes predominantly a convorgenco in bank. (Soo 
fig. 7. ) The largo, magnitude of tho A4 mode in figure 

5 is duo to the trpo of disturbance assumed in the calcu- 
lations and to the lack of any attempt _to_ control tho re- 
sulting motion. Obviously, immediate corrective measures 
rust bo taken to koop tho motion within reasonable limits 
if such a. type of disturbance occurs in flight. 

The ^4.5 mode, previously mentioned by Cramer in 

reference 4, occurs for a very limited range cf valuos of 
the control gearings. The modo doos not occur with con- 
trols fixod but will bo present for the average air piano 
if a small value of aileron gearing (-3S a /B0 not excood- 
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ing approximately 0.. 3) is ixscd in conjunction with rudder 
gearing. The amount. of rudder gearing used appears to be 
uninportant for the existence of the node, but sono rudder 
control must bo present. The notion represented by the 
A 4 . 5 node is an oscillation in azimuth and bank about the 
desired course, acconpanied by considerable outward side- 
slip. (Soo fig. ; 6.). .As a result of the oscillation, when 
tho airplane is chocked in a turn away fron the course in 
one direction it immediately commences to turn off course 
in the opposite direction. A necessary . condition for a 
turn without sideslip is that the bank lag the azimuth de- 
viation by three-fourths of a period. In the case consid- 
ered, however, the deviation in bank lags the azimuth mo- 
tion by about five-eighths of a period. An effective lead 
of one-eighth period therefore exists in the banking motion 
and the turn is accompanied by outward sideslip. 

The oscillation resembles the phugoid oscillation in 
longitudinal motion. in that tho period is long (approxi- 
mately 27.4 sec for the aileron gearing assumed). The 
damping is somewhat greater than that normally existing 
for tho phugoid (reference 5) so" that the notion is* negli- 
gible after about one-half an oscillation. Because of the 
long period, however, tho notion actually persists for. a 
considerable interval of time. Therefore, it appears de- 
sirable to improve tho damping of the node, because tho 
initial magnitude of tho notion is rather largo. Refer- 
ence 1 shows that stability of tho azinuth oscillation do- 
ponds on tho value of tho aileron gearing and that the 
stability inprovos as -85 a /30 is increasod. Before any 
appreciable increase in damping is obtained, however, tho 
oscillation separates into the A 4 and the A 5 nodes. ~ 

Lag in control operation appears to. have negligible effect 
on the oscillation. 

Tho predicted behavior of tho A4.5 mode has boon 

observed undor certain flight conditions in a low-wing 8- 
placo modern transport with an automatic pilot.. The mode 
occurred as an unstablo oscillation .at speeds somewhat be- 
low tho cruising speed when the aileron gearing was reduced 
to zero "d:* closing the aileron speed valve. Tho influence 
of flight speed on tho stability of the mode nay bo exr- 
plained as follows: Tho point at which reduction of the 
magnitude of ^36 a /a0 results in decreasing tho damp_- 

i ng of tho A 4 , 5 mode to zero depends on tho inherent 

spiral stability presont. (See reference 1.) It is well 
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known, that the. spiral stability of an airplane decreases 
with a decrease in the flight speed; hence, as the speed 
is- reduced, le*ss reduction of -3S a /30 is raquirod to 
cause instability of the A 4 . E node. 

The A 5 node is usually doscribed as a . convergence 

in azimuth. The neutral stability of the'nodo for an air- 
piano v:ith fixed -controls is ovi-dancod by the fact that 
the airplane, after boing displaced in azimuth, has no 
tendency to roturn to the original course. With automatic 
control, the zode occurs as.. a slow aperiodic notion, 
predominantly in azinuth and bank but also involving con- 
siderable sideslip. (See fig. 7.) The poor damping of 
the notion is very slightly improved as the rudder control 
is increased and is decreased at about the same rate when 
the aileron control ia increased. The amount of bank in- 
cluded in the node is decreased so that the a-zinuth com- 
ponent becomes a relatively more proninent part of the 
node as the magnitude of tho aileron gearing is incroascd. 
(Of. figs. 7 and 8. ) 

CONCLUSIONS 



1. Of tho modes that nay-occur either with controls 
fixed or with automatic control, the later.-.l oscillation 
and the rolling convergence appear to undergo little 
change in character with a .variation in tho amount of con- 
trol. The spiral mode becomos a well-daisped convergence 
in bank as the amount of aileron control is incroasod. 
The azimuth' convergence, neutrally stable with fixed con- 
trols, becomes a poorly dampod motion chiefly involving 
azimuth and bank with automatic control. 

Either of two now modes may bo introduced by the 
use of automatic control. The first mode is an oscilla- 
tion consisting of almost pure roLling and is tho result 
of the coupling of the damping-in~roll root and tho spiral- 
oonvorgenco root. Tho second mode is a lc^g-peri o d oscil- 
lation nbout tho dosirod leading and results. from tho 
coupling of the spiral-convergence root and tho azimuth- 
•convergenco root 

o. Aft or any disturbance that causes a change in 
trim, such as an asymmetric loss of thrust., an airplano 
controlled by an automatic pilot of tho t^pc considered in 
this study will not return to the course and tho flight 
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attitude desired. ■ The rirplane trill assume a ne^r course 
and attitude, displaced from the original flight con diti on 
by an amount depending on the magnitude of the disturbance 
so that an error in heading will result even for small 
changes in trim. ■ _■ 



Langle;' Memorial Aeronautical Labo rat o ry , 

ITational Advisory Committee for Aeronautics, 
Lang 1 a? Field, 7a., February 7, 1341. 



APP11JDIX 



(Numerical values of svmools for the average airplane 
are given when the symbols are constants for = 0.35.) 

X, T, Z reference axes or forces along; the respective 

• axes. (See fig„ 9.) The axes are fixed rel- 
ative to the airplane and are so orientatod 
that, in stead," flight, the X, or longitu- 
dinal, axis is directed along the flight path 
and the Y axis is directed horizontally 
along the spall to tho right. The Z axis is 
porpondi cular to the X and the ' Y axes. and 
is directed downward in normal levol flight. 



1 moment about X axis - 

3 moment about Z axis 



radius of gyration of airplane about X 
(-1.95 ft) 

krr radius of gyration of airt)lano about Z 

(5.85 ft) 

V resultant linear velocity of airplane center 

of gravity (15 0 fps) 



P 



component of angular velocity of airplane 
about X, radians per second 



14 



HA OA Technical lToto Ho. 609 



r conpor.onv of angular ■ velocity of airplane about 

3 , radians per second 

B, 0, an a -los of sideslip, bank:, and azinuth, respec- 

tively, r.easured fron undi 3turbod flight at- 
titude, radians 

P 0 • fio> ^o steady-state values of— 8, fi, and \{/ 
following a disturbance 

fJ> relative-density factor (n/pSb = 3.82) 

d nass of airplane (49.7 slugs) 

S wing aroa (171 sq ft) 

p density of air (0.00238 slug/cu ft) 

T tine-conversion factor (n/pSV = 0.815) 

C • tine in nondinonsi onal units (soc/t) 

l(T) function of tine; ©<iual to zero '.Then T < 0, 

acquiring the valuo unity instantaneously 
at f = 0, end equal to unity when T > 0 

■ X differential operator (d/dT) 

X x to A 5 roots of stability oquation (refer once l) 

C T lift coeffieiont Y-r^-i-^ = 0.K5 

C v lateral-force coefficient (~ — — g - ) 

\ar PV 6> 

C, rolling-nonont coefficient f- -3 — ^ 

1 p7 SV 

0„ yavring-nonont coefficient (- ~ — } 

n pV s Sb' 

b wing span (32.0 ft) 

5 a sun of up and down aileron deflection, radians; 

positive when ri-Kht aileron is up 
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rudder deflection, radians; positive when trail 
ing edge is deflected to right 

aileron-control gearing 



rudder-control ^oaring 

1 a °Y 

~ — — = -0.140 ■ 

2 3P 

3Ci 

= -1.42 



1 b 3 5Gl 

2 k T a 3g 



"X 

2 



121 = 



4 k x 8 a£5 

2T 



-4.43 



ljf*9l . o.905 
27 

i^llPn = o.960 
2 k z 2 33 

1 "b 2 SCn 

n = -0.159 



= -0.744 



4 


k 3 
*Z 








8 2T 


1 


"b 2 


30 n 


4 


*z 2 


-aro 






8 2T 


1 




y _ 


2 


38 


r 


1 


h S 


3C 1 


2 




38 a 


1 


"b 2 


3C n 


2 


*z 2 




1 


h 3 




2 


^z 2 


38 r 



-0.0347 



= 2.10 



= -0.106 



steady-state solution of equations of notion 
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Figure 3.- 
Hesultant 
motions 
for 

case 3, 
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Figure 5.- Modes of motion for ease 1. B, and > 
axe negligible for X» mode. Starting 
i ralue of B i» -1.50G for X 4 mode. 
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Figure 6.- Modes of motion for oa.se 2. p and * 
are negligible for \ 3 node. 
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Fl^ore 7.- Modes of motion for case 3. 0 and + 
are negligible for mode. 
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Figure 8.- Modes of motion for case 4. 
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Figure 9.- Positive senses of axes and motions. 



